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a  b  s  t r  a  c  t
The  aim  of  this  work  was  to develop  a  high-strength  lithium  disilicate  glass-ceramic  for  den-
tal  restorative  applications.  A  complex  lithium  disilicate  glass  composition  was  designed  in the
SiO2–Li2O–CaO–P2O5–ZrO2 glass  system.  Three  sets of  samples  were  employed  to investigate  the  effects
of  heating  proﬁle,  crystallization  annealing  temperature  and  holding  time  on  the  phase  evolution,
microstructure  and mechanical  properties.  The  results  show  that  no  lithium  metasilicate  was  detected
during  the  crystallization  process.  Semi-quantitative  analysis  reveals  that  the  lithium  disilicate  glass-
ceramics  consist  of  57–62  wt%  of  rod-like  lithium  disilicate  crystallites.  A high  ﬂexural  strength  of
439  ±  93  MPa  was  observed  in  the glass-ceramic  when  it  was subjected  to  two-stage  annealing  at  674 ◦C.
Additional  higher  temperature  annealing  stages  were  of little  help  for  the  improvement  of bending
1/2HT-XRD)
rystallization
nnealing
strength,  but  did  enhance  the Vickers  indentation  fracture  toughness  (VIF)  from  0.93  to 1.29 MPa·m .
It  is  found  that  both  the  crystallization  temperature  and  the holding  time  affect  the  phase  transforma-
tion,  morphology,  and  crystallite  size  of  these  glass-ceramics,  but the  crystallization  temperature  has  a
more profound  effect  than  the holding  time.  The  glass-ceramic  developed  in  this  study  could  be a good
candidate  for dental  restorative  applications,  especially  for posterior  three-unit  bridges.
© 2013  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
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e. Introduction
Lithium disilicate glasses have been extensively studied [1–5]
nd have been clinically applied in dental restoration. Desired
hysical and mechanical properties can be attainable through a
ontrolled annealing procedure. The annealing process controls the
hase formation and transformation, microstructure, crystallinity
nd hence properties of the glass-ceramics. In the development
f multi-component lithium disilicate glass, phosphorus pentox-
de (P2O5) is a common additive [6] to promote crystallization in a
ide range of glasses, e.g., Li2O–Al2O3–SiO2, Li2O–MgO–SiO2, and∗ Corresponding authors.
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gO–Al2O3–SiO2 systems. Since its discovery, there have been a
arge number of investigations on how P2O5 affects the nucleation
nd crystallization processes in glass [2–5,7–10]. A popular hypoth-
sis is that P2O5 or Li3PO4 promotes phase separation in Li2O–SiO2
lasses [4]. As summarized by Wen  and Zheng [1,2], these glasses,
n most cases are either ZnO-containing or Al2O3-containing.
The reported values of ﬂexural strength and fracture toughness
or lithium disilicate glass-ceramics are generally 215–350 MPa
sing three-point or four-point bend test and 3–3.4 MPa·m0.5 using
ingle-edge notched beam (SENB) method [11]. Glass-ceramics
aving high-strength and high-fracture toughness are in increas-
ng demand in dental restorative applications. Von Clausbruch
t al. [5] from Ivoclar Vivadent AG reported a ZnO-containing
ithium disilicate with a ﬂexural strength of 440 MPa  in the
iO2–Li2O–K2O–ZnO–P2O5 system using three-point bending test.
voclar has also reported a high ﬂexural strength of 726 MPa in a
nO-free SiO2–Li2O–Al2O3–K2O–ZrO2–P2O5 system [3,12], using a
iaxial bending method as per ISO standard 6872. To the best of
ur knowledge, the three-point ﬂexural strength of this glass is not
vailable in the literature. In our recent work, we tested a sim-
lar composition glass by three-point bending and only attained
07 MPa  [13].
The key factors affecting the properties of glass-ceramics
nclude the chemical composition, nucleants added, anneal-
ng proﬁle, crystallinity, crystalline phases present, and crystal
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HFig. 1. DTA trace of the base glass (ramp rate of 20 K/min in air).
orphology of the glass-ceramics. In this study, we  developed
 high-strength lithium disilicate glass-ceramic that has a non-
toichiometric composition in a SiO2–Li2O–CaO–P2O5–ZrO2 glass
ystem. Three sets of annealing were designed to study the inﬂu-
nces of heating proﬁle, crystallization temperature, and holding
ime on the phase evolution, microstructure, and mechanical prop-
rties of the lithium disilicate glass-ceramics.
. Experimental
.1. Glass preparation
The non-stoichiometric multi-component lithium disil-
cate glass was melted in an alumina crucible at Gaffer
oloured Glass Ltd., Auckland, New Zealand. The glass was
elted at 1350 ◦C for 18 h. The chemical compositions were
iO2:Li2O:CaO:P2O5:ZrO2 = 100:41.6:3:2.3:1.3 (in molar ratio),
easured by X-ray ﬂuorescence (XRF). Fluxing agents were added
n the glass melt. After melting, the molten glass was  poured into
 graphite mould, and shaped into rod samples of 8–10 mm in
iameter.
.2. Crystallization processThree sets of experiments were designed in accordance with
he differential thermal analysis (DTA) curve of the glass (see Fig. 1
n Section 3). In the ﬁrst set, we investigated how annealing stages
I
c
f
able 1
eat treatment proﬁles of the lithium disilicate glasses.
Samples Annealing proﬁles
1st stage 
Set I
2S 530 ◦C/90 min 
3S  530 ◦C/90 min 
4S 530 ◦C/90 min 
Set  II
M1  530 ◦C/90 min 
M2  530 ◦C/90 min 
M3  530 ◦C/90 min 
M4  530 ◦C/90 min 
M5  530 ◦C/90 min 
M6  530 ◦C/90 min 
Set  III
T1 530 ◦C/90 min 
T2  530 ◦C/90 min 
T3  530 ◦C/90 min 
T4  530 ◦C/90 min 
T5  530 ◦C/90 min mic Societies 1 (2013) 46–52 47
ffect the crystallization process (see Set I in Table 1). The ﬁrst stage
530 ◦C, 90 min) is designed for nucleation, while the other stages
re for crystallization. Set II aims to study the effect of crystalliza-
ion temperature at the 2nd stage (samples M1–M6  in Table 1).
imilarly, Set III aims to study the effect of holding time at the 2nd
tage (samples T1–T5 in Table 1). It is noted that the temperatures
or Set II and Set III were selected in the range within the major
xothermal peak of the DTA curve. The last stage in Set II and Set
II was at 800 ◦C, which is 20 ◦C higher than the third stage of Set I.
.3. Characterization and mechanical testing
.3.1. Room temperature X-ray diffraction (RT-XRD)
Crystalline phases of the glass-ceramics treated at different
nnealing stages were identiﬁed at room temperature (RT) by lab-
ratory X-ray powder diffraction (XRPD; D2-Phaser, Bruker AXS,
ermany), which uses collimated and monochromated Cu K X-
ays ( = 0.15418 nm)  at 30 kV and 10 mA.  Data were recorded over
he 2 range of 10◦–80◦ with a step increment of 0.02◦ and an
nterval time of 0.1 s per step.
.3.2. High-temperature X-ray diffraction (HT-XRD)
HT-XRD measurements were obtained using Cu K radiation
t 40 kV and 30 mA in a diffractometer (D8 Advance, Bruker AXS,
ermany) with a high-temperature chamber (Anton Paar HTK
200). Continuous XRD patterns were recorded at temperatures
n the range of 480–930 ◦C with step interval of 30 ◦C (a total of 16
easurements), in the 2 range of 10◦–40◦ with a step size of 0.02◦
nd a dwell time of 1 s. The average heating rate in the temperature
ange of 480–930 ◦C was  1 ◦C/min.
.3.3. Scanning electron microscopy (SEM)
The crystallized glass-ceramic samples were mechanically
round, polished and then etched with 2 vol% HF solution.
icrostructural observation of the glass-ceramic samples was  per-
ormed on the polished cross sections and un-polished fractured
urface using an environmental scanning electron microscope
ESEM; FEI Quanta 200F) equipped with energy dispersive X-ray
pectrometry (EDS).
.3.4. Mechanical properties
Flexural strength was  measured by three-point bending on an
nstron 3367 machine with the sample span of 32 mm and the
ross-head speed of 0.5 mm·min−1. Average values were calculated
rom 5 to 7 samples.
2nd stage 3rd stage 4th stage
674 ◦C/30 min
674 ◦C/30 min  780 ◦C/30 min
674 ◦C/30 min  780 ◦C/30 min  850 ◦C/30 min
620 ◦C/30 min  800 ◦C/30 min
640 ◦C/30 min  800 ◦C/30 min
660 ◦C/30 min  800 ◦C/30 min
680 ◦C/30 min  800 ◦C/30 min
700 ◦C/30 min  800 ◦C/30 min
720 ◦C/30 min  800 ◦C/30 min
675 ◦C/15 min  800 ◦C/30 min
675 ◦C/30 min  800 ◦C/30 min
675 ◦C/45 min  800 ◦C/30 min
675 ◦C/60 min  800 ◦C/30 min
675 ◦C/120 min 800 ◦C/30 min
48 S. Huang et al. / Journal of Asian Ceramic Societies 1 (2013) 46–52
Fig. 2. Laboratory HT-XRD of the base glass, where D represents the stable lithium
disilicate phase (540–900 ◦C, orthorhombic, JCPDS no. 70-4856), P = lithium phos-
phate (750–900 ◦C, JCPDS no. 83-0339), C = cristobalite (780–870 ◦C, JCPDS no.
27-0605), and Q = quartz (810–900 ◦C, JCPDS no. 47-1144). When temperature is
>
i
c
a
r
u
m
t
g
V
F
s900 ◦C, the sample was distorted and the data collection failed. The bar in color
ndicates the diffraction intensity.
Vickers microhardness tests were conducted on the polished
ross sections of the glass-ceramic samples with a load of 9.8 N
nd dwell time of 15 s. Approximately 10 hardness readings were
ecorded for each sample and the average values were reported.
a
w
r
ig. 4. SEM images of the lithium disilicate glass-ceramics from Set II: (a) sample 2S, (b
urface  of sample 3S (without polishing). Scale bar = 5 m.Fig. 3. RT-XRD patterns of Set I samples crystallized at different stages.
Vickers indentation fracture (VIF) toughness was  evaluated
sing the formula of 0.016(E/H)0.5(P/c1.5) [14], where E is Young’s
odulus, H is hardness, P is load, and c is the length of crack from
he impression center. Young’s modulus (E) of lithium disilicate
lass-ceramics was taken to be 99 GPa [15]. It is noted that the
IF method has been discredited [16]; however, it is still a popular
nd simple method for measuring fracture toughness. In this study,
e also measured the VIF toughness and compared with the data
eported in the literature.
) sample 3S, and (c) sample 4S (after polishing and etching); and (d) the fracture
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Table  2
Heat treatment process, crystalline phases, crystallinity, and Li2Si2O5 content in the products, and mean value ± standard deviations for ﬂexural strength (f), Vickers
hardness (HV), and VIF fracture toughness (Kc).
Samples Crystalline phase Crystallinity (%) Li2Si2O5 (wt%) f (MPa) HV (GPa) Kc (MPa·m1/2)
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ple 4S). XRD patterns suggest that the content of LP phase increases
with increasing temperature (Fig. 3). No silica phases appeared in
the conventionally annealed glass-ceramics, which is obviously dif-
ferent from the results of in situ HT-XRD investigation (Fig. 2). The2-stage, 2S Li2Si2O5 + Li3PO4 60.7 5
3-stage, 3S Li2Si2O5 + Li3PO4 64.9 6
4-stage, 4S Li2Si2O5 + Li3PO4 61.7 5
. Results and discussion
Fig. 1 presents a differential thermal analysis (DTA) trace for the
lass. A major exothermal peak is recorded at 674 ◦C and a glass
ransition temperature at 451 ◦C. There are additional two weak
eaks at ∼725 ◦C and 775 ◦C, which might be attributed to the crys-
allization of some minor crystalline phases. The annealing proﬁles
re designed as per these DTA peaks, as shown in Table 1.
.1. HT-XRD investigation
Fig. 2 displays the HT-XRD patterns of the glass in the range of
80–900 ◦C in a two-dimensional view. No diffraction peaks was
oticeable if the temperature is below 540 ◦C. It is found that the
table lithium disilicate phase (orthorhombic Li2Si2O5, LS2) formed
irectly in the glass while no peaks of lithium metasilicate (Li2SiO3,
S) phase appeared throughout the entire HT-XRD measurements.
he formation of LS2 phase is via the reaction: Li2O (glass) + 2 SiO2
glass) = Li2Si2O5 (crystal). This is an important ﬁnding when com-
ared to other similar glasses in the literature: the crystallization in
ost lithium disilicate glass-ceramics for dental restorative appli-
ations involves metasilicate phase [1,3,10,13].
The intensity of LS2 increases with temperature up to 840 ◦C,
fter which it decreases with temperature (Fig. 2). The volume
raction of the crystallized LS2 phase quickly increases to a max-
mum amount in the as-prepared glass-ceramic at 630 ◦C, when
here was no metasilicate phase precipitated. It is also observed
hat a higher temperature (>840 ◦C) gives rise to more glassy phase
t the expense of LS2 crystals in the glass-ceramic. As shown
n Fig. 2, lithium phosphate (Li3PO4, LP) phase starts to emerge
t 750 ◦C; its fraction also increases with temperature. It is sug-
ested [4] that P2O5, most likely in the form of Li3PO4, acts as
eterogeneous nucleation sites during the crystallization of lithium
isilicate glasses. These Li3PO4 nuclei not only nucleate precur-
or LS [2], but also directly initiate LS2 crystals, especially if the
lass does not involve the formation of LS. In addition, cristobalite
JCPDS 27-0605, cubic) and -quartz (JCPDS 11-0252, hexagonal)
rystals formed at 780–870 ◦C and 810–900 ◦C, respectively. XRD
ata acquisition failed at a temperature >930 ◦C because the sample
s signiﬁcantly distorted.
It is interesting to note that there were no peaks of zirconia
ZrO2) identiﬁed in the diffraction peaks in the entire temperature
ange. This is different from a similar SiO2–Li2O–Al2O3–P2O5–ZrO2
lass we previously reported where cubic ZrO2 was detected in the
roducts even though the latter glass has a less amount of ZrO2
ZrO2/SiO2 = 0.4% in molar) [13]. The reason is not clear.
.2. The effect of the annealing stage – Set I
.2.1. Phase assemblage and mechanical properties
The lithium disilicate glass-ceramics samples remain white,
fter being subjected to multi-stage heat treatments; such a phe-
omenon is favorable to the subsequent color tuning for dental
estorations [17]. The evolutions of crystalline phase and proper-
ies of lithium disilicate glass-ceramics were studied in the ﬁrst
et of experiments listed in Table 1. The nucleation stage was kept
F
s
o439 ± 93 7.83 ± 0.20 0.93 ± 0.01
418 ± 53 7.24 ± 0.23 1.15 ± 0.02
371 ± 49 6.39 ± 0.25 1.29 ± 0.07
onstant at 530 ◦C for 90 min. At this stage, the samples are still
ransparent, which means the LS2 and LP nucleus are invisible.
rystallization is achieved by the subsequent heat treatments, up
o four stages. The phase assemblage and mechanical properties of
he heat-treated samples are listed in Table 2.
As shown in Fig. 3 and also summarized in Table 2, the crystalline
hases are LS2 and LP for all these three cases, i.e., 674 ◦C/30 min
sample 2S), 780 ◦C/30 min  (sample 3S), and 850 ◦C/30 min  (sam-ig. 5. XRD patterns of (a) Set II samples annealed at different temperatures of the
econd stage for 30 min, and (b) Set III samples annealed at various holding times
f the second stage at 675 ◦C.
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rystallinity and fraction of lithium disilicate phase in the glass-
eramics are also summarized in Table 2, showing that the product
fter 3-stage treatment possesses the highest crystallinity and LS2
ontent.
Table 2 also presents the three-point bending strength (f),
ickers hardness (HV), fracture toughness (Kc) determined with
ickers indentation technique (VIF) of the lithium disilicate glass-
eramics, where the cracks were measured from ﬁve indentations.
oth ﬂexual strength and hardness decrease with the num-
er of heat treatment stages. On contrary, an additional higher
emperature treatment is beneﬁcial for the fracture toughness
Table 2), which increased from 0.93 MPa·m1/2 for 2-stage anneal-
ng to 1.29 MPa·m1/2 for 4-stage annealing. The reasons for these
emperature-dependent properties are not well understood. Both
he total crystallinity and the quantity of the LS2 phase are seem-
ngly not the causes. We  therefore postulate that the decreased
exural strength and hardness with additional annealing stages
ight be attributed to the increased fraction of the LP phase present
n the glass (see Fig. 4 in the subsequent section). The increased VIF
racture toughness could be ascribed to the elongated LS2 crystal-
ites (Fig. 4c in Section 3.2.2).
It is noted that, in spite of low fracture toughness, the ﬂexual
trengths in the range of 370–440 MPa  are comparable with, or
lightly better than the commercial IPS Empress 2 glass-ceramic
1,18,19]. The low VIF toughness value is also similar to those
eported in Ref. [15] (1.5–1.7 MPa·m1/2). It is proposed that for an
dentical glass-ceramic the fracture toughness values measured
y single-edge notched beam (SENB) method are much higher
2.5–3.3 MPa·m1/2) [15].
M
i
s
ig. 6. BSE micrographs of Set II samples treated under different temperatures at the seco
,  660 ◦C, (c) sample M4,  680 ◦C, and (d) sample M6,  720 ◦C. Scale bar = 5 m.mic Societies 1 (2013) 46–52
.2.2. Microstructure
Fig. 4a–c shows the microstructure in the polished glass-
eramics crystallized with different stages. It can be seen that the
S2 crystal size increases with annealing stage, from ∼0.5 m in
ample 2S to ∼2 m in sample 4S. In the 2-stage sample (2S), the LS2
rystallites are of equiaxed morphology, and nano-sized pits were
bserved. These nano-sized pits are thought to be the etched-out LP
rystals. By increasing the annealing temperature, the aspect ratio
f LS2 crystallites increases to 3–4 (Fig. 4c), suggesting that a higher
emperature promotes a preferential crystal growth and results in
n elongated morphology of the LS2 crystallites. In addition, LP crys-
allites also grow to become a rod-like shape with submicron size
t 780 ◦C and 850 ◦C. Fig. 4d illustrates the fracture surface showing
hat LS2 grains have a rod-like morphology.
.3. Inﬂuences of crystallization temperature and time on ﬂexural
trength – Set II and Set III
.3.1. Phase assemblage and microstructure
The crystalline phase assemblage of Set II samples (M1–M6)
s shown in Fig. 5a. Apart from the main phases of LS2 and LP, a
hase with diffraction peak located at 2 = 31.90◦ was identiﬁed in
he samples M2–M5. However, this peak could not properly match
ith any of the JCPDS cards and is referred to as an unknown phase.
et III samples (T1–T5) had similar XRD patterns to the samples
2–M5  and displayed in Fig. 5b.
The morphology of selected samples of Set II (M1, M3,  M4,  M6)
s illustrated in Fig. 6. It can be seen that their microstructures are
imilar except for the crystallite size. Samples M1  and M6  have a
nd stage for 30 min  (after polishing and etching). (a) Sample M1,  620 ◦C, (b) sample
S. Huang et al. / Journal of Asian Ceramic Societies 1 (2013) 46–52 51
Fig. 7. BSE micrographs of Set III samples treated with different holding times at
675 ◦C (after polishing and etching). (a) Sample T1: 15 min, (b) sample T2: 30 min,
(
l
s
L
(
b
t
u
p
t
g
(
S
c
F
p
T
t
o
g
c
3
u
s
i
s
u
n
d
u
t
s
L
4
In this work, we  studied the phase evolution of a complexc)  sample T5: 120 min. Scale bar = 5 m.
arger crystallite size than samples M3 and M4.  In addition, nano-
ized crystallites with a different contrast (brighter than that of
S2 crystallites) were present in the backscattered electron images
Fig. 6b and c), which might be the unknown phase, as identiﬁed
y XRD (Fig. 5). It is noted that this unknown phase only existed in
he samples with crystallization temperatures of 640–700 ◦C. The
nknown phase might be a variant of zirconia or zircon-related
hase and its nucleation may  only take place in a speciﬁc tempera-
ure range. The effect of holding time on the microstructure of the
lass-ceramics is shown in the backscattered electron micrographs
Fig. 7). Similar microstructures to those in samples M3  and M4  of
et II are observed, except that the Set III samples had slightly larger
rystallite sizes.
l
h
ﬁig. 8. Bending strength of (a) Set II samples at different holding temperatures (sam-
les M1 to M6)  and (b) Set III samples at different holding times (samples T1 to
5).
As discussed above, it demonstrates that the crystallization
emperature is more critical than the holding time on the morphol-
gy and crystallite size of lithium disilicate glass-ceramics in our
lass system. This is because crystallization of glass is a diffusion-
ontrolled process.
.3.2. Flexural strength
After heat treatment, the glass-ceramic samples were tested
sing the 3-point bending method to determine the ﬂexural
trength. The mean values and standard deviations of the bend-
ng strength are summarized in Fig. 8. In comparison with the ﬁrst
et, the second and third sets of samples were of lower mean ﬂex-
ral strength in the range of 280–345 MPa. However, it should be
oted that these two sets of glass-ceramics were produced from a
ifferent batch of glass melt. Although the difference in the ﬂex-
ral strength among these samples is not signiﬁcant, as a rule of
humb, a higher crystallization temperature increases the ﬂexural
trength. A higher temperature enhances the development of the
S2 crystallites, which in turn increases the ﬂexural strength.
. Conclusionithium disilicate glass in the SiO2–Li2O–CaO–P2O5–ZrO2 system by
igh-temperature XRD, and investigated the effects of heating pro-
le, annealing temperature and holding time for crystal growth on
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[
[17] A. Vichi, C. Louca, G. Corciolani and M.  Ferrari, Dent. Mater., 27, 97–108 (2011).2 S. Huang et al. / Journal of Asia
hase composition, microstructure and physico-mechanical prop-
rties of the derived glass-ceramics. The following conclusions can
e made:
1) In Set I, the lithium disilicate glass-ceramics possess 57–62 wt%
lithium disilicate crystals measured by semi-quantitative anal-
ysis. By increasing the multi-stage annealing temperature,
the Vickers hardness of the glass-ceramics decreases from
7.83 ± 0.20 GPa to 6.39 ± 0.25 GPa, while the fracture tough-
ness of the products increases from 0.93 to 1.29 MPa·m1/2.
These glass-ceramics showed excellent ﬂexural strength of
439 ± 93 MPa  when heat treated at 675 ◦C in the second stage.
2) The crystallization temperature plays a more crucial role than
the holding time in affecting the phase transformation, mor-
phology, and crystal size of the glass-ceramics (Set II and Set
III).
3) No lithium metasilicate was detected during the crystallization
process of lithium disilicate glass. The phase evolution pro-
cess of the glass during conventional annealing process was
different from that under the annealing of the in situ high-
temperature XRD investigation.
4) This high-strength glass composition is promising for den-
tal restorative applications, especially for posterior three-unit
bridge dental restoration.
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